Many ancient Chinese bronze mirrors have a smooth patina. An ingress of corrosion to a depth of approximately 100 pm is found beneath the patina. The corrosion selectively replaces the Cu-rich a phase leaving the Sn-rich 6 phase intact. Previous work by x-ray diffraction has shown that the a-phase replacement product is poorly crystallized or nanocrystalline SnO,. Transmission electron microscopy was employed to further characterize the replacement product in both ancient mirror and replication samples.
INTRODUCTION
Well-preserved Chinese bronze mirrors have been the subject of scientific research since the early 1930's when interest was piqued by their smooth patinas.'q2 Most of the mirrors of interest date from the late Zhou and early Han dynasties. Some Tang mirrors have also been investigated. Chinese mirrors were cast with a typical composition of 70% copper, 25% tin and 5% lead by weight. Bronze of this composition takes on a two-phase microstructure consisting of the a-(Cu-rich) and 6-(Sn-rich) phases arranged as a-phase needles in a 6-phase matrix. Mirrors have also been reported with a dendrites surrounded by the two-phase eutectoid2 which results from a slightly lower tin content. Distinctions have been made between shiny and matte mirrors and between black and non-black mirrors. One common thread in all discussions is the report of an ingress of corrosion to a depth on the order of 100 pm below the shiny patina. In this region, known as the "altered region," the corrosion attacks only the a-phase needles leaving the 6-phase matrix intact. Collins called this corrosion "rooted" in the cast alloy.' Several groups have characterized the corrosion product found in the surface Most of the characterization work has been done with x-ray diffraction (XRD), which yields patterns with broad peaks centered at lattice spacings corresponding to the mineral cassiterite. These results indicate that the surface product contains poorly crystallized or nanocrystalline SnO,. SiO,, Cu,O and the two alloy phases have also been identified by XRD.
The loss of a in the altered region takes place by a dissolution mechanism through which the copper is selectively removed from the c1 phase and the tin is incorporated into an ~x i d e .~* '~~~'~ It is possible to predict conditions under which selective dissolution will occur in bronze and thereby replicate the altered region using electrochemical methods. We have reproduced the altered region in two solutions with the application of a constant p0tentia1.I~ The surfaces on the model pieces have been shown to have a similar microstructure and composition to that found on ancient mirrors. IL"
In the present work, transmission electron microscopy (TEM) has been used to investigate the altered layer replacement product in both ancient samples and modern replications. Previous TEM work has identified SnO, in the patina of ancient mirrors.6
The color and luster of the mirror surfaces have been the subject of many I
EXPERIMENTAL
The bronze used to make the model altered layer samples was cast at Brookhaven National Laboratory with 25% tin by weight. The copper and tin were melted together in a graphite crucible in an induction furnace under rough vacuum. No lead was added. When the metals were completely melted (as observed through a window on the furnace), the melt was poured into a copper chill mold. The samples were annealed at approximately 480°C under vacuum for 16 hours.
Two solutions were used for the constant potential treatment: 0.01 M sulfuric acid and 1 M [NH, + NH,' ]. The latter was a 1:l mixture of 0.5 M (NH,),SO, and 1 M NH, (63.07 ml NH,OH/L). The acid solution was chosen because the ancient samples may have been buried in an acidic soil or purposely treated in acid by the ancient craftsmen. Ammonia was chosen because it is released during the decay of animal remains. The treatments were conducted in beakers. The bronze working electrode was held at a constant DC potential versus a copper pseudo-reference electrode. The choice of potential has been described previously. l2 Two types of TEM specimen were employed: scrapings and cross-sectional. Scrapings were removed from the surfaces of an ancient mirror and two model bronzes (treated for 48 hours) with a steel scalpel and sprinkled onto formvar-coated TEM grids.
The cross-sectional specimens were made from bronze strips approximately 1 mm x 2 mm x 31 nim treated potentiostatically for 72 hours. After treatment, short sections were cut from each strip. Two sections treated in the same solution were attached with epoxy with the surfaces that had been facing the counter electrode touching. Once the epoxy had cured, 300 pm thick slices were cut off with a low-speed saw. The samples were mechanically polished until nearly electron-transparent. The polishing was done at a slight angle to introduce a wedge into the specimen. Both faces were polished with successively finer grit (to a grit size of 0.25 pm) until the leading edge of the sample had started to recede. Epoxy was used to attach the specimen to a slot grid. The final thinning was done in an ion mill. Figure 1 shows a schematic diagram of a finished specimen.
The microscope was operated with an accelerating voltage of 120 kV. The camera length reported by the microscope was checked with polycrystalline-aluminum calibration samples. A diffraction pattern was recorded for camera lengths corresponding to patterns taken of the experimental samples. The ratio of the measured A1 d-spacings/known A1 spacings was calculated and used to correct the spacings measured in the unidentified diffraction patterns. 
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The ring probably corresponds to one of the alloy phases rather than the low intensity cassiterite peak. The standard lines for the a and 6 phases are shown in Figures 3(e) and 3(f) for comparison. The intensities shown for the a phase are those of pure Cu (JCPDS 4-836). This fragment was too thick to allow for dark field imaging of the diffracting substance. 7 show particles with a similar appearance found in the cross-sectional specimen made from bronze treated in sulfuric acid. Figure 8 shows a diffraction pattern taken from the region shown in Figure 7 . The d-spacings for the diffraction rings are shown in Figure 3(b) . The substance again appears to be SnO, with a ring at about 2.1
A. The pointer in the diffraction pattern indicates the diffracted beam used to produce the dark-field image shown in Figure 9 . The spot was on the ring with spacing of 2.1 A. Many small bright spots are visible throughout the image. A spheroid similar to those in Figures 5-7 is also highlighted and is probably a tin oxide crystal because several close diffracted beams were selected by the aperture. Figure 10 shows another diffraction pattern taken of the acid-treated cross-sectional specimen. The -100 nm 
